Abstract High-resolution seismic reflection profiles were acquired to aid earthquake hazard assessment in the Portland-Vancouver urban area of Oregon and Washington, western North America. The profiles show (1) a strong reflector at the base of unconsolidated deposits; (2) the ancestral Columbia River channel where it has eroded into the unconformity at the base of the unconsolidated deposits; and (3) evidence consistent with late Pleistocene or Holocene faulting. The seismic data consist of marine profiles along 40 km segments of the Columbia and Willamette Rivers and two 1.5-km-long land profiles across the East Bank and Portland Hills fault zones. The marine profiles show a strong reflector as deep as 85 m that correlates with the unconformity at the base of unconsolidated, late Pleistocene and Holocene sediments penetrated in nearby drillholes. A ϳ1.5-km-wide, up to 85-m-deep paleochannel filled by unconsolidated sediments marks the course of the ancestral Columbia River. Apparent vertical displacements of late Pleistocene or Holocene reflectors at the East Bank fault are consistent with recent faulting. The Portland Hills fault zone also shows what could be late Pleistocene to Holocene deformation, but other interpretations of these features are possible. No obvious faulting of the late Pleistocene unconformity is observed on our profiles across the inferred location of the Frontal Fault zone. The strong reflection from the unconformity and a large contrast in measured S-wave velocities between the unconsolidated sediments (ϳ250 m/sec) and the underlying strata (477 to 817 m/sec) indicates the shallow layer could amplify and trap seismic energy during an earthquake. These results indicate the East Bank and Portland Hills faults may represent significant seismic hazards to the PortlandVancouver urban area and emphasize that further characterization of the shallow strata is crucial to estimating the shaking potential at sites above the Portland basin.
Introduction
The Quaternary geologic events recorded in the shallow sediments of the Portland basin could provide important insights into the earthquake hazards faced by the overlying cities of Portland, Oregon, and Vancouver, Washington. Although there is evidence for great earthquakes (M w Ͼ 8.0) on the Cascadia subduction zone to the west (inset, Fig. 1 ) (Nelson and Personius, 1996) , local crustal earthquakes may cause stronger shaking in the Portland-Vancouver urban area (e.g., Wong et al., 1993) . Shallow faults (Ͻ1 km depth) are mapped or are inferred from geophysical data to lie directly beneath the Portland-Vancouver urban area (Beeson et al., 1989 (Beeson et al., , 1991 Blakely et al., 1995) . The seismic potential of these faults is uncertain, although the Portland Hills fault is interpreted to cut shallow strata of late Miocene to Pliocene age (Beeson et al., 1991) .
Seismicity in the Portland-Vancouver area indicates that at least some shallow faults could be active. Historic earthquakes include seven that were widely felt between 1877 and 1957, seven more between 1961 and 1981 , and the 1993 M L 5.6 Scotts Mills earthquake about 50 km south of Portland (Yelin and Patton, 1991; Bott and Wong, 1993; Madin et al., 1993) . No Quaternary rupture has been documented on a fault in the Portland-Vancouver area, so past hazard analyses have simply assumed an event of up to M W 6.5 can occur within 5 to 10 km of these cities (e.g., Wong et al., 1993) . Determining whether any faults break the late Pleistocene or Holocene strata of the Portland basin could reduce the uncertainties in future hazard analyses.
Modeling indicates the unconsolidated late Pleistocene and Holocene deposits will have a major influence on the amount of shaking during future earthquakes in the PortlandVancouver area (Mabey et al., , 1997 Wong et al., 1993) . Shallow strata can amplify seismic waves because of low impedance, resonance effects caused by strong reflectors Figure 1 . Aeromagnetic map of Portland area (Blakely et al., 1995) showing inferred faults (heavy dashed lines), faults interpreted from seismic profiles (short-dash lines), and locations of our seismic profiles (heavy black lines for land profiles, thin lines for river profiles). The heavy red lines show the approximate location of the ancestral Columbia River paleochannel delineated by the seismic reflection profiles and drillholes. The dark blue lines encircle areas outside of the paleochannel where the late Pleistocene unconformity is obvious on the seismic profiles, with labels describing the altitude and depth of the reflector. The locations of the profiles shown in the other figures are indicated by heavy black lines and are labeled with the figure number. The inset map shows the location of the Portland-Vancouver area in relation to the Cascadia subduction zone and the major volcanoes (shaded triangles) of the Cascade Range. OR, Oregon, WA, Washington. and trapping of surface waves (e.g., Shearer and Orcutt, 1987; Hough et al., 1990; Frankel and Vidale, 1992; Frankel and Stephenson, 2000) . Because the amount of amplification is determined by the material's physical properties, reflectivity, and thickness of the shallow sediments, knowledge of these parameters is important to estimating ground shaking during future earthquakes.
We collected a series of high-resolution seismic reflection profiles in the Portland-Vancouver urban area to examine the shallow sediments and to look for displacements along hypothesized fault zones (Fig. 1) . The profiles were designed to image strata in the upper 150 m with a vertical resolution of several meters. The marine seismic profiles cover 40-km-long stretches of both the Columbia and Willamette Rivers and cross three suspected fault zones. Two 1.5-km-long land profiles were sited over the East Bank and Portland Hills fault zones. In this article, we describe the features seen on these profiles and discuss their implications for assessment of the earthquake hazard in the area.
Geologic Setting
The cities of Portland and Vancouver lie atop the Portland sedimentary basin, about 200 km east of the Cascadia subduction zone trench and about 100 km west of the Cascade Range (Fig. 1, inset) . Oblique convergence at the Cascadia subduction zone has broken the Oregon portion of the Cascadia margin into crustal blocks separated by northwesttrending fault zones (Wells and Coe, 1985; Wells and Heller, 1988; Wells, 1990) . The late Miocene and younger Portland sedimentary basin is believed to be a ϳ30 km by ϳ80 km pull-apart basin between two of these northwest-trending fault zones (Fig. 1) (Beeson et al., 1985; Yelin and Patton, 1991; Blakely et al., 1995) . On the basin's southwest edge lie the nearly parallel Portland Hills and East Bank faults (Fig. 1) . The former is inferred from geologic and topographic evidence to be a southwest-dipping, transpressional fault along the linear edge of the Portland Hills (Balsillie and Benson, 1971; Beeson et al., 1991; Swanson et al., 1993; Blakely et al., 1995) . The East Bank fault lies beneath Portland basin sediments 2 to 4 km northeast of the Portland Hills fault and is interpreted to be a northeast-dipping reverse fault (Beeson et al., 1991 , Blakely et al., 1995 . The East Bank fault was originally interpreted from a ϳ200-m step in the top of Miocene volcanic rocks, but modeling of aeromagnetic data suggests there is a vertical displacement of 1 km or more on the base of the volcanic rocks (Blakely et al., 1995) . The alignment of the Portland Hills and East Bank faults with the Clackamas River 30 km to the southeast of Portland led to the hypothesis of a Portland Hills-Clackamas structural zone along the southwest margin of the Portland basin (Schmela and Palmer, 1972; Beeson et al., 1985; Blakely et al., 1995) . The Frontal fault is inferred from topography, microearthquakes, exposed faults, and potential field anomalies to lie along the northeast side of the Portland basin ( Fig. 1) (Walsh et al., 1987; Yelin and Patton, 1991; Swanson et al., 1993; Blakely et al., 1995) . The northeast direction of maximum principal compressive stress in the area today indicates these northwest-trending faults should have reverse and right-lateral, strike-slip motion (Yelin and Patton, 1991; Werner et al., 1991; Yelin, 1992; Thomas et al., 1996; Blakely et al., 2000) .
The Portland basin consists of up to 550-m-thick deposits of Pliocene and Quaternary conglomerate, gravel, sand, silt, and clay overlying Miocene and older volcanic and sedimentary rocks (Swanson et al., 1993) . Basement rocks along the edges of the basin are primarily lava flows, volcanic breccia, and sedimentary rocks capped by the extensive Columbia River basalt flows (Beeson and Tolan, 1990; Beeson et al., 1991) . These basement rocks are folded and faulted into an asymmetric anticline forming the Portland Hills (Fig. 1) , and they dip to the northeast beneath the southwest side of the basin (Beeson et al., 1991; Swanson et al., 1993) .
The basin sediments can be divided into three sequences: (1) up to 400 m of fluvial and volcaniclastic deposits of the Miocene to Pliocene Sandy River mudstone; (2) quartzite-bearing conglomerates and sandstones of the Miocene to Pleistocene Troutdale Formation; and (3) up to 100 m of unconsolidated late Pliocene and Holocene sediments. The unconsolidated sediments at the top of the basin are primarily catastrophic flood deposits left near the end of the last ice age (15,300 to 12,700 yr before present) by a series of 40 or more floods from glacial Lake Missoula on the east side of the Cascades (Waitt, 1985) . The floodwaters formed a prominent late Pleistocene unconformity when they eroded parts of the older strata, covered the PortlandVancouver area with about 120 m of water, and deposited sediments on the erosional surface (Swanson et al., 1993) .
Data Acquisition Marine Profiles
We acquired single-channel marine seismic reflection data on the Columbia and Willamette Rivers (Fig. 1) . We fired a 300-joule Uniboom source once each sec, followed by a 22-joule Bubble-Pulser source 0.4 sec later. Records from both sources were used in the interpretation, but we show only Uniboom profiles here because its broader bandwidth (up to 1500 Hz versus 700 Hz) produced sharper reflections with fewer reverberations. We recorded 0.4-sec records at 4000 samples/sec on a PC-based acquisition system (U.S. Geological Survey's Mudseis system), but little energy was returned from below 150-m depth. The marine data were bandpass filtered (30-1500 Hz), deconvolved, and displayed. The profiles over key features were f-k migrated and converted to depth using a velocity of 1500 m/sec. The marine data are displayed at a vertical exaggeration of about 8:1, making dips of only a few degrees appear steep in the figures. All depths on the marine profiles are relative to the river level at the time we acquired the data (September, 1997) .
Signal penetration along much of the Columbia River and near the mouth of the Willamette River was very good, with prominent reflectors visible to depths of 90 m or more. There were many profile segments where the energy did not appear to penetrate the river bottom, and some profiles were plagued by water-bottom multiples and side echoes. These areas of poor data generally occurred where the river bottom is formed of hard materials like well-indurated lower Portland basin strata, basement volcanic rocks, or dredged areas. The imaging problems were especially prevalent on the Willamette River profiles and on the Columbia River profiles near the older deposits around Lady Island.
Land Profiles
We acquired land seismic reflection profiles across the inferred positions of the East Bank and Portland Hills fault zones (Fig. 1) . Line 1 crosses the East Bank fault on the high ground north of the Willamette River. The profile extends 1.6 km northeast and north from the edge of the bluffs. Line 2 is a 1.5-km profile acquired on the bluffs near Ross Island, where the Portland Hills fault is projected to cut the basin sediments.
Line 1 was acquired in two segments along quiet, residential streets (Monteith and Berkeley Streets). The profile was strait except for one slight bend and a 35-m offset between the two segments. Elevations sloped gradually from 47 m on the south end to 32 m on the north end of the profile. A sledgehammer source was used eight times at each source point, and the resulting records were summed in the field. The source and receiver spacing were 2 m. We used a 60- showing the erosional unconformity (u) at the base of the unconsolidated strata. This profile was acquired near the west end of Government Island (see Fig. 1 for location). The unconformity is at a depth of about 22 m and is underlain by Miocene to Pliocene Portland basin strata that are folded from nearly horizontal on the west side of the profile to about a 3Њ dip on the east side of the profile. The water bottom (w) lies at about a 5-m depth and exhibits large sand waves on the eastern side of the profile. Most of the marine profiles shown in this article have vertical exaggerations of 8 to 1, which causes features with even slight dips to appear steep. All of the marine profiles are annotated across the top with hours and minutes coordinated universal time (UTC) (1648 ‫ס‬ 16 hours, 48 minutes).
channel seismograph with 40-Hz geophones to produce a 30-fold seismic section. The profile was collected to see to about a 200-m depth, but little reflected energy was apparent below a 60-m depth.
Line 2 was acquired along another residential street (Rex Street) just south of Ross Island (Fig. 1) . The profile began at a major highway (McLoughlin Blvd.) in a lowland (elevation ‫ס‬ 15 m) and extended westward up a gentle slope and across several busy avenues. The profile ended at the top of the bluffs (elevation ‫ס‬ 37 m) near the east bank of the Willamette River. The data were acquired using a source and receiver spacing of 4 m and the same recording system as line 1. For line 2 we used the Mini-Sosie method (e.g., Stephenson et al., 1992) with three earth tampers as a source. These tampers are small, gasoline-powered devices that repeatedly hit the ground with a ϳ1-ft square metal plate; cross-correlating the record with a time-series recording of the tamper impacts synthesizes an impulsive source. The resulting records are generally stronger than a sledgehammer source and have better noise cancellation in urban areas (e.g., Pratt et al., 1998) . For this profile we used the tampers to hit the ground semirandomly about 500 times over a 1-min interval. We recorded to see to about 600-800 m depth, but high noise levels mask reflections from below about 100 m depth.
Processing for the land profiles was standard for seismic reflection data (Yilmaz, 1987) and consisted of editing, datum (elevation) static corrections, bandpass filtering (50-500 Hz [line 1]; 30-360 Hz [line 2]), deconvolution, a commonmidpoint (CMP) sort, velocity analyses, normal-moveout (NMO) correction, residual statics, stack, and f-k migration. Data were converted from time to depth using the stacking velocities determined during the processing.
Results
The Late Pleistocene Unconformity and Ancestral Columbia River Valley A strong reflector between 0 and 85 m depth dominates the marine profiles from the Columbia and lower Willamette Rivers (Fig. 2) . At some locations the strong reflector is an obvious unconformity with dipping strata below (Fig. 2) , but on most of the profiles there are no reflections from the strata above the unconformity and only weak reflections from below. The unconformity is remarkably flat at a depth of up to 40 m along many of the profiles west of Government Island and near the mouth of the Willamette River (e.g., Figs. 1 and 2).
Correlation with nearby drill holes on land (Swanson et al., 1993) indicates the strong reflector is the late Pleistocene unconformity at the base of unconsolidated sediments. As discussed previously, it is likely that all, or nearly all, of the unconsolidated strata seen on the Columbia River profiles, the lower Willamette River profiles, and the land profiles are Missoula flood deposits of late Pleistocene age (15,300-12,700 ybp). Near Portland the unconsolidated strata are underlain by older, more consolidated flood deposits or by the Troutdale Formation; east of Government Island, Miocene and Pliocene sedimentary rocks or Miocene and older volcanic rocks underlie the unconformity and are exposed at Lady Island and to the northeast (Swanson et al., 1993) . Wells and geologic mapping southeast of Government Island show the unconformity eroded into the Troutdale Formation and filled with Pleistocene gravels (Hoffstetter, 1984; Bet and Rosner, 1993) . Postdepositional tilting and folding of the Troutdale Formation below the unconformity (e.g., Fig. 2 ) indicate Pliocene or later activity, but the flatness of the unconformity above the tilted strata indicates that most of the folding occurred prior to the late Pleistocene.
The late Pleistocene unconformity deepens in a large paleochannel, the ancestral Columbia River valley, extending from Reed Island to the mouth of the Willamette River (Fig. 1) . The paleochannel is evident on drillhole data as a narrow band of thicker unconsolidated sediments (Swanson et al., 1993) . The channel likely was scoured by the voluminous Missoula floods 15,300 to 12,700 years ago (Waitt, 1985) , when sea level was also low (e.g., Blanchon and Shaw, 1995) . Fig. 1 for location). The water bottom is marked with a w, energy reflected multiple times within the water column is labeled m, and the u denotes the unconformity at the base of the unconsolidated sediments. Note the remarkably flat bottom to the paleochannel on the east half of the figure. The west side of the paleochannel (left side of figure) appears to have a gradual slope (ϳ4Њ on average) but is probably steeper because the profile was acquired oblique to the edge of the paleochannel. Figure 1 for location). The areas with no subbottom penetration are probably characterized by an unusually hard-water bottom that prevents signal penetration. The unconformity (u) appears to change depth beneath 1858, but it is not clear whether this is a fault or is due to velocity pullup from the abrupt change in water depth. The portion of the profile to the left of the word turn was acquired in a west-to-east direction, whereas the right side was acquired in a south-to-north direction. cross section of the ancestral Columbia River channel defined by the erosional unconformity (u) at its base (see Fig. 1 for location). The profile was acquired perpendicular to the Columbia River just east of Hayden (Tomahawk) Island (Fig. 1) . The paleochannel is asymmetric, with a steep (ϳ20Њ) north side and gently sloping (ϳ3Њ) south side. The north-dipping reflector at 5 to 15 m depth is the water bottom (w), with the deepest part of the Columbia River near its north bank. The horizontal arrival just above the w is energy traveling horizontally through the water from the source to the hydrophone array. The disruption at the base of the north side of the paleochannel could be a fault, but there is no supporting evidence for a fault interpretation.
The north side of the paleochannel is imaged on a perpendicular crossing of the river east of Hayden Island (Fig.  3) . The paleochannel here has a width of about 1.5 km, a maximum depth of 70 m, and often exhibits a remarkably flat bottom on longitudinal profiles (Fig. 4) . In cross section, the paleochannel near Hayden Island is asymmetric with a relatively steep north edge (ϳ22Њ dip) and a bottom that rises southward at about 2Њ (Fig. 3) . At the east end of Hayden Island there is a 20-m vertical step in the depth of the paleochannel beneath the south side of the Columbia River (Fig. 3) .
We also crossed the paleochannel near Government Island where it briefly swings northward, perhaps following a fault along the south shore of the river (Fig. 1) (Hoffstetter, 1984; Bet and Rosner, 1993) . At the east end of Government Island, the south side of the paleochannel is obscured by areas of no signal penetration (Fig. 5) , and it has a relatively steep slope on the northwest side (10Њ) (Fig. 6) . A weakly imaged sycline in the strata beneath the unconformity northeast of Government Island (Fig. 6) demonstrates folding of the lower Portland Basin sediments.
Farther east near Reed Island, our profiles obliquely cross the edge of the paleochannel where it emerges from the Cascade Range and the confines of the Columbia River Gorge (Fig. 7 ). Here the channel shows a maximum depth of about 55 m. As our profiles obliquely cross the northwest Figure 6 . Portion of marine profile 9 showing the paleochannel northeast of Government Island (see Fig. 1 for location) . The unconformity is denoted by small dots. The paleochannel is asymmetric, with a steep (ϳ10Њ) northwest side and gently sloping southeast side. Two smaller channels lie at the bottom of the paleochannel. A small syncline may be present below the unconformity at 2228 (dashed line). The right (east) side of this profile nearly coincides with the north side of the profile segment shown in Figure  5 . The u indicates the late Pleistocene unconformity, m indicates multiply reflected energy, and w is the water bottom. Figure 7 . Portion of marine profile 9 south of Reed Island at the eastern end of our survey (see Fig.  1 for location). The profile, nearly parallel to the paleochannel, begins in the deep part of the paleochannel (right) and the unconformity (u) rises gradually as the profile gets closer to the edge of the paleochannel. Two areas with steeper slopes (keep in mind the 8:1 vertical exaggeration) lie beneath 2050 and 2056, but we interpret these steeper slopes to be erosional features (old riverbanks?) rather than faults because we do not see a sharp vertical displacement of the reflector. The m indicates multiply reflected energy and w indicates the water bottom.
side of the paleochannel, the unconformity rises in two distinct terrace surfaces. Rocks below the unconformity crop out northwest of Reed Island and on Lady Island.
The downstream continuation of the paleochannel is undefined by drillhole data west of Hayden Island, but our profiles near the mouth of the Willamette River show the paleochannel as comprising two distinct troughs separated by a narrow ridge (Fig. 8) . The southern trough is about 60 m deep and has a width of about 600 m. The 900-m-wide north trough reaches 85-m depth but is about equally divided into a shallow (ϳ60 m) and deep (ϳ85 m) portion. Both troughs show a layered sequence of strata near their base, in contrast to the single reflector that characterizes the paleochannel beneath the Columbia River. These layered strata could be tidal deposits or layered flood deposits like those identified by Waitt (1985) in tributaries of the paleo-Columbia River.
Fault Zones
East Bank Fault. Our profiles reveal several features that are consistent with late Pleistocene or Holocene motion on the East Bank fault. The East Bank fault is interpreted from aeromagnetic data to extend to the Willamette River where we image the paleochannel ( Fig. 1) (Blakely et al., 1995) . The location of the paleochannel could be influenced by the East Bank fault, and there are three features within the channel that are suggestive of fault breaks (arrows in Fig. 8 ).
The layered strata at the base of the north paleochannel appear broken by a nearly vertical fault at time mark 2300.5. Reflectors north of the potential fault appear to be downdropped relative to those on the south. This sense of motion is consistent with the long-term subsidence of the Portland basin north of the East Bank fault but is opposite to the displacement interpreted by Blakeley et al. (1995) and Beeson et al. (1991) . However, right-lateral displacement of the sloping edge of the channel would show apparent uplift of strata south of the fault. We migrated this profile at a series of velocities between 600 m/sec and 2000 m/sec to see if the apparent break is an imaging artifact, but it remained regardless of the migration velocity. Although we are cognisant that this is a two-dimensional profile across what is likely a three-dimensional structure, the apparent break certainly has the appearance of being a fault.
Two features in the south part of the paleochannel could also be caused by faults (Fig. 8 ). There is a distinct change in the angle of dip and character of the layered strata at the base of the paleochannel at time mark 2252.7. Blakely et al. (1995) extend the East Bank fault approximately to this location (Fig. 1) . The uppermost, strong reflector appears to terminate, and there is a slight mismatch in the character and depth of the underlying reflectors at time mark 2252.7. The reflectors show a better match if strata north of time mark 2252.7 are raised 4 to 5 m relative to those on the south (Fig.  8, inset) . The small channel at the water bottom below time mark 2252.7, which unfortunately disrupts the seismic signal in this key location, could be caused by erosion along a fault that reaches the surface. Again the sense of displacement, down to the north, is consistent with the overall subsidence of the Portland basin but is opposite to the predicted motion if the East Bank fault is a northeast-dipping reverse fault.
The other feature in the south paleochannel that could be related to faulting is the small anticline below time mark Fig. 1 for location) . The paleochannel consists of two Ushaped valleys with widths of about 600 m (left) and 900 m (right). The paleochannel has layered strata at its base (w, water bottom; m, multiply reflected energy; a, a series of reverberations that could not be removed by filtering). Arrows point to possible displacements in the bottom of the channel that could be caused by faulting (see text for explanation). The inset shows the portion of the same profile over the south channel after restoring displacement across the potential fault beneath time mark 2252.7: the reflectors at the base of the channel are well aligned after the north side of the profile is raised about 4 m relative to the south side.
2251. This anticline disrupts the otherwise smooth slope of the layered deposits, and the parallel strata through the anticline suggest that it could have formed by folding that postdates deposition of the sedimentary layers. One possible explanation is that a fault coincides with the anticline, but several small anticlines in the north portion of the paleochannel make the anticline at best ambiguous evidence for faulting.
Small vertical displacements are also evident in a reflector on land profile 1 near the inferred location of the East Bank fault (Fig. 9) . The profile shows a strong reflector at about 50 m depth at the south end of the profile and about 35 m depth at the north end. Above the strong reflector are weakly imaged, gently north-dipping strata. The elevation of the prominent reflector is near the elevation of the unconformity on regional maps compiled from drillhole data (Swanson et al., 1993) , although only one of the drillholes used in the compilation is within 1 km of the profile. Small breaks in the reflector may be present at and south of the 100-m distance mark, and at distance marks 320 and 520. Shot records also show at least one disruption in the prominent reflector near the south end of the profile (Fig. 10) . These breaks appear to extend above the strong reflector on both the profile and the shot records. One potential interpretation is that the strong reflector is the late Pleistocene unconformity and that the unconformity is broken by faults.
It is not clear what horizon the strong reflector on land profile 1 delineates, however, and the strong reflector could be the water table if the latter is a sharp boundary. A more detailed examination of the drillhole data shows substantial variations in the reported depth of the late Pleistocene unconformity, probably because the depths are only loosely constrained by drill cuttings. The reported depth to the unconformity varies by as much as 40 m in drillholes within a few km of our seismic line (I. Madin, written comm., 2000) . On average, the well logs show the unconformity to be near sea level, but this is also the approximate depth of the water table. Velocities above the strong reflector are low (about 600 m/sec), suggesting unsaturated sediments. If the strong reflector is indeed the water table, the apparent breaks could result from velocity changes in the overlying material or changes in the porosity of the host sediments. Faults are one way to produce these changes in velocity and porosity, others being changes in lithology or the presence of channels in the sediments. We thus conclude that land profile 1 is consistent with the presence of late Pleistocene to Holocene Figure 9 . Land profile 1 obtained using a sledgehammer source on the bluffs north of the Willamette River and crossing the inferred location of the East Bank fault (Fig.  1) . The scale across the top is distance in meters from the south end of the profile. This profile is composed of two segments acquired nearly end-to-end but offset about 35 m at the 980 m mark. The top of the profile (0 m depth) is the ground surface. A strong reflector at 50 m depth on the south side of the profile and 35 m depth at the north side is either the unconformity at the base of the unconsolidated deposits or the water table (see text). Vertical displacements may indicate faulting at the 100, 320, and 520 m distance marks. Figure 10 . Two nearby shot gathers from near the south end of land profile 1 showing one of the apparent breaks in the strong reflector south of the 100 m distance mark (see Figure 9 ). The receiver array is straight with less than 2 m of very gradual elevation change across the spread; the shot records have no processing except a bandpass filter. The apparent break could be a fault cutting the unconformity at the base of the unconsolidated deposits; an alternative interpretation is that the apparent break is caused by an abrupt velocity change disrupting the reflection from the water table. The disruption appears to continue to the surface, as indicated by the change in slope of the first break. See text for explanation.
faults at the inferred position of the East Bank fault, but other explanations for these apparent vertical displacements are possible. The marine profile provides stronger evidence for faulting of late Pleistocene strata.
Portland Hills Fault. Our land profile across the Portland
Hills fault presents an ambiguous picture (Fig. 11) . A reflector at the approximate depth of the unconformity is nearly level or dips slightly to the west at an elevation of about sea level. Again we do not know the lithology of this reflector, but it could either be the unconformity or the water table. The reflector is marked by abrupt changes in depth of up to 10 m at the east side of the profile, where we cross the inferred position of the Portland Hills fault zone ( Fig. 1 ) (Beeson et al., 1989; Swanson et al., 1993) . The correspondence of these changes in depth with the inferred location of the fault zone is suspicious and suggests the features could be related to faulting.
At the 100-m distance mark the reflector on land profile 2 appears broken with about 2 m of vertical displacement, and at the 200-m distance mark it appears to be uplifted and broken. This uplift is near a creek whose location could be controlled in part by faulting; alternatively, water-saturated sediments beneath the creek could be responsible in part for the apparent uplift and disruption. Near the 400-m distance mark the strong reflector abruptly drops about 10 m to the west, and its amplitude and coherency decrease markedly. Also at the 400-m distance a faint, east-dipping reflector that could be a dipping bed or fault appears to intersect the strong reflector from below. The east dip of this weak reflector is inconsistent with the near-vertical or southwest dip inferred for the Portland Hills fault (Beeson et al., 1991; Blakely et al., 1995) , so we prefer the interpretation that it is a lithologic boundary or a secondary fault.
One interpretation of land profile 2 (Fig. 11) is that the Portland Hills fault zone consists of several faults between Figure 11 . Land profile 2 across the hypothesized extension of the Portland Hills fault east of Ross Island (Fig. 1) . The scale across the top is distance in meters from the east end of the profile. The fault is inferred from potential field data to cross the profile between the 200-and 400-m distance marks. The strong, nearly horizontal reflector (large dots) may be the erosional unconformity at the base of unconsolidated sediments and top of the Troutdale Formation or it could be the water table (see text for explanation). There may be a weak reflector dipping to the east from the strong reflector below distance mark 400 (arrow). Heavy lines denote places the reflector is disrupted, possibly due to faulting (see text for explanation). There is a distinct change in the depth and character of the reflector near the 400-m distance mark. A creek lies near distance mark 200, and the profile changes from a grass surface to a concrete surface just west of the creek. The sloping line labeled with an S at the top of the profile is the ground surface, which slopes from 37 m elevation on the west to 15 m elevation on the east. the 100-and 400-m distance marks, with the unconformity uplifted by about 10 m east of the 400-m mark. The change in character of the reflector at the 400-m mark could delineate a change in lithology across a fault. The sense of displacement inferred from profile 2 (up to the east) is opposite to the long-term displacement on the Portland Hills fault (Blakely et al., 1995) , but an opposite sense of displacement is possible on strike-slip faults that cut sloping surfaces or when there are pop-up structures between fault strands. The Willamette River also has a wide area that could be caused by ponding of water behind the Portland Hills fault (Fig. 1) . The north flank of the Portland Hills steps southward near profile 2 (e.g., Swanson et al., 1993) , and this could indicate that the amount or sense of vertical displacement across the fault changes near the present Willamette River.
An alternative interpretation for land profile 2 is that we are imaging an erosional unconformity above northeastdipping strata, or the water table within the strata. Folding or faulting could largely predate the late Pleistocene unconformity, with a northeast-dipping contact between beds now visible at the 400-m mark (the faint reflector?). The change in reflector depth and character at the 200-and 400-m marks may be caused by changes in lithology or porosity, with strata on the west side of our profile being more deeply eroded. This interpretation still requires late Pliocene or Pleistocene displacement or folding of the Troutdale Formation, but motion could largely predate the late Pleistocene unconformity. Hemphill-Haley et al. (2000) present evidence for Quaternary motion on the Portland Hills fault based on geologic and new seismic reflection data obtained southeast of our profile. Their seismic profile shows a distinct fold in the shallow strata, with northeast-dipping strata flattening toward the basin to the northeast. Given this independent evidence for late Miocene or Quaternary deformation within the Portland Hills fault zone, it is likely that at least some of the features we see on our profile 2 are influenced by recent faulting or folding.
Frontal Fault. Our Columbia River profiles across the Frontal fault zone do not show obvious faulting. The Frontal fault zone is interpreted from potential field and geologic data to cross the Columbia River at a prominent bend near the west end of Reed Island (Fig. 1) (Blakely et al., 1995) . Our profile along this section of the Columbia River shows the unconformity rising gradually to the west and north (Figs. 12 and 13) . The unconformity is a relatively rough erosional surface, with variations in depth at several scales. Although small changes in depth could be caused by a fault with displacements of less than a few m, the features are just Figure 12 . Portion of marine profile 9 acquired south of Reed Island where the Frontal fault is interpreted to cross the river (Fig. 1) . This is the westward continuation of the profile shown in Figure 7 . The unconformity (u) rises gradually across the profile from 33 m depth on the west (left) to 23-m depth on the east (right) where the boat reached shore and turned north (Fig. 1) . Although there are variations of several meters in the depth to the unconformity, there are no obvious vertical steps that indicate faulting of the reflector. The disruption about 100 m from the west end of the profile could be caused by a fault, but the feature is suspicious because it lies beneath some large sand waves that may disrupt our signal. The water bottom is marked as w. Figure 13 . Portion of profile 9 acquired from south to north just east of Reed Island and crossing the hypothesized location of the Frontal fault zone (Fig. 1) . The strong unconformity reflector (u) is nearly flat as it rises from 22 m depth in the south (left) to about 10 m depth at 2125.5 where the boat turns west (Fig. 1) . We see no distinct steps, vertical breaks, or diffractions at the unconformity that clearly indicate faulting rather than erosion. A disruption in the unconformity at 2126 shows no net vertical change in depth, and a similar disruption is not apparent on our other profiles across the inferred location of the fault. The letter w denotes the water bottom.
as easily explained as being erosional. Nowhere is there compelling evidence for a vertical displacement caused by faulting.
The most suspicious feature on our west-trending profile across the Frontal fault zone is a small disruption about 100 m from where our profile turns north (time mark 2112.5 in Fig. 12 ). Ryan and Stevenson (1995) interpreted a fault just west of this feature. The unconformity shows what appears to be a small break here, across which there is 1 to 2 m of vertical displacement. We are suspicious of this apparent break, however, because it lies directly below some large sand waves in the water bottom that could be causing a disruption of the seismic signal.
On our north-trending profile across the Frontal fault zone, the unconformity is nearly planar as it rises uniformly to the north (Fig. 13) . There are small, localized changes in the depth to the unconformity (like that below time mark 2117.5), but these do not produce a step in the overall planar dip of the unconformity along the profile. Although it is tempting to interpret a disruption near 2126 as evidence for a fault, it seems unlikely: the reflector appears to cross the disruption with no net vertical displacement, a continuation of this disruption is not seen on our profiles to the west or southeast, and there is a prominent channel in the water bottom that could be disrupting our signal.
About 1 km east of the projected location of the fault, our profile shows two distinct steps in which the unconformity rises 4 to 8 m (Fig. 7) . We believe these are erosional features along the edge of the paleochannel rather than faults because neither shows a sharp displacement of the reflector, both have vertical changes opposite to the long-term motion on the fault, and we would expect late Pleistocene or Holocene scarps of this magnitude to be obvious in exposures on the adjacent shore. Similar steps also appear at other locations along the paleochannel (e.g., Fig. 3 ). We cannot disprove that these steps are caused by faults, but their location on the edge of a large river channel argues for a fluvial origin.
Assuming the Frontal fault crosses the Columbia River near its inferred position, there are two possible interpretations consistent with our data. First, the Frontal fault could cross the river about 1 km southwest of the position inferred by Blakely et al. (1995) (Fig. 1) , perhaps coincident with Ryan and Stevenson's (1995) interpreted fault. This position is west of our profiles near Reed Island, and lies where our profile just east of Lady Island lacks subsurface penetration. Second, the Frontal fault could have little or no vertical expression. The fault could have dominantly strike-slip motion with only a small component of vertical displacement, or the fault may be locked since formation of the late Pleistocene unconformity.
Other Faults. There are many locations where our profiles could be interpreted to show faults cutting the unconformity, but we do not have corroborative evidence for faulting. For example, Figure 6 shows apparent disruptions and vertical changes in depth to the unconformity beneath time marks 2231, 2236, and 2240, and Figure 3 shows a possible disruption at the base of the sloping north side of the paleochannel at time mark 1444. Any of these could be caused by faults, but there is no supporting evidence for faults at these locations.
We can, however, examine our profiles across locations where other workers have interpreted fault zones to see whether we also see vertical displacements. Ryan and Stevenson (1995) suggested a fault could be present northeast of Hayden Island because they saw changes in dip of a strong reflector on their seismic profiles. Our more extensive set of profiles shows that the strong reflector they saw is the late Pleistocene unconformity and that the change in dip they saw is the north edge of the paleochannel (near our profile shown in Fig. 3 ).
Bet and Rosner (1993) interpret a fault along the south side of the paleochannel southeast of Government Island (Fig. 1) . Our profile in the area is characterized by areas where the signal does not penetrate the water bottom (Fig.  5 ), leaving our data inconclusive. Our profile does show an apparent vertical displacement of the unconformity (below 1858 on Fig. 5 ), but there is also an abrupt change in the water depth at that location that could be producing velocity pullup. Likewise, the area between 1900 and 1902 on Figure  5 could contain a fault, but given the magnitude of the depth change (about 25 m), most, if not all, of the vertical change likely represents the sloping edge of the paleochannel. We thus do not see clear evidence of faulting along this edge of the paleochannel, but we certainly cannot rule out the presence of faults.
It is possible, however, that the location of the paleochannel beneath the Columbia River is controlled by faults that are still active. The 30 to 40 m depth of the unconformity in the paleochannel relative to adjacent areas is far too great to attribute solely to Pleistocene and younger faulting, but the river could have followed weakened strata along older fault zones. For example, the paleochannel southeast of Government Island is parallel to the fault inferred by Bet and Rosner (1993) and the paleochannel between Government and Hayden Islands has a trend nearly parallel to the East Bank fault (Fig. 1) .
Discussion Late Pleistocene and Holocene Tectonics
The unconformity we observe on the seismic profiles is flat in many places, implying little late Pleistocene and Holocene motion. Tilting and folding of the Troutdale Formation below the unconformity, however, indicates Pliocene or Quaternary activity (e.g., Figs. 2 and 6 ). The tectonic activity that caused this deformation may be continuing to the present, but at a rate slow enough to have little effect on the attitude of the unconformity. Wilson (1998) argues that the rate of subsidence of the Portland basin decreased in the late Pliocene to early Pleistocene, whereas subsidence increased in some basins to the south, and we see no evidence to the contrary.
The East Bank fault shows possible displacements at land profile 1 and near Multnomah channel about 7 km to the northwest. If these displacements are indeed a fault, empirical relations based on fault length suggest it is capable of generating a M w Ն 6.0 earthquake (Wells and Coppersmith, 1994) . The topographic front on the Portland Hills is about 40 km long, and if the Portland Hills fault has a comparable length it is capable of generating a ϳM w 6.9 earthquake. This is larger than the M w 6.5 earthquake generally assumed in hazard assessments of the Portland area (e.g., Wong et al., 1993) . The more extreme hypothesis is that the 80-to 90-km length of the Portland Hills-Clackamas River structural zone could rupture in its entirety to produce a ϳM w 7.3 earthquake.
The East Bank fault is perplexing because modeling of aeromagnetic data is consistent with it being a northeastdipping reverse fault (Blakely et al., 1995) . This interpretation is based on displacement of the Miocene Columbia River basalts with a sense of displacement opposite to the long-term subsidence of the Portland basin (Beeson et al., 1991; Blakely et al., 1995) . Either the East Bank fault changed its sense of motion in the Miocene to accommodate subsidence in the basin, or subsidence is achieved by the Portland Hills fault having greater vertical displacement than the East Bank fault since the Miocene. Either of these possibilities suggests that the Portland Hills fault poses the greater earthquake hazard because it has a greater vertical slip rate and therefore a greater slip rate overall.
The Portland Hills fault is most likely a transpressional or reverse fault that dips beneath the Portland Hills at a high angle. Earthquake focal mechanisms and borehole breakouts indicate northwest Oregon and southern Washington are under north-or northeast-directed compression (Yelin and Patton, 1991; Werner et al., 1991; Yelin, 1992; Thomas et al., 1996) . Northwest-trending faults in such a stress regime should have reverse and right-lateral, strike-slip motion; indeed focal mechanisms in the Portland area and to the south are consistent with right-lateral motion on northwest-trending faults (Yelin and Patton, 1991; Nábelek and Xia, 1995; Thomas et al., 1996; Blakely et al., 2000) . The Portland Hills fault lies along the northeast flank of the 2-to 4-km-wide Portland Hills anticline, and this suggests the Portland Hills anticline is an uplifted block or fault-propagation fold above a reverse fault (e.g., Blakely et al., 1995) . The relatively narrow width of the Portland Hills suggests the fault dips steeply: a shallow dip on a thrust fault likely would produce a broader uplift unless it flattens at a shallow depth (e.g., Suppe, 1983) . The Portland Hills fault may be analogous to the Mount Angel fault 50 km to the south with its 2-to 3-km-wide structural uplift (anticline) above a steeply dipping transpressional fault (Werner et al., 1992; Thomas et al., 1996; Yeats et al., 1996; Liberty et al., 1999) .
The Frontal fault lies along the south flank of a topo-graphic high, and this suggests it is a transpressional fault that dips to the northeast. Yelin and Patton (1991) originally suggested a south dip to the fault because a series of small earthquakes occurred to the south of the fault trace at about 15 km depth. However, a south dip to the fault requires it to have normal motion to produce the Portland basin on its south side, and this is inconsistent with the modern northeast-directed compression. More likely, the fault dips to the northeast, and the topographically high area north of the fault is uplifted in the hanging wall. The Frontal fault may be relatively quiet at present because of activity on adjacent faults. Our profiles are consistent with late Pleistocene or younger motion on the East Bank and Portland Hills faults, but little or no motion on the Frontal fault zone where it crosses the Columbia River. There are no earthquakes that can be confidently linked to the Frontal fault; the events described by Yelin and Patton (1991) are nearby, but there is no direct link between them and the fault. The Mount St. Helens seismic zone to the north of the Frontal fault has been extremely active in historical times (e.g., Weaver and Smith, 1983; Ludwin et al., 1991) . These observations are consistent with recent motion being concentrated on the south side of the Portland basin and on the Mount St. Helens seismic zone, with the Frontal fault being largely inactive during the Pleistocene and Holocene. If so, it reinforces the idea that the Portland Hills and East Bank faults may be the key structures determining the seismic hazard from crustal faults in the Portland-Vancouver area.
Effect of the Unconsolidated Deposits on Shaking during an Earthquake
The new constraints our data place on the shallow, unconsolidated strata in the Portland area highlight the importance of this shallow layer on determining ground shaking during an earthquake. Shallow strata can amplify ground shaking because of their low impedance (e.g., Shearer and Orcutt, 1987; Hough et al., 1990) , because waves resonate within the layer (e.g., Shearer and Orcutt, 1987; Williams et al., 2000) and because they can guide surface waves (e.g., Frankel and Vidale, 1992; Frankel and Stephenson, 2000) .
The strong reflection on our data indicates that the late Pleistocene unconformity juxtaposes two materials with sizeable differences in velocity and density. This contrast makes the unconformity an obvious source of strong resonances during earthquakes (e.g., Williams et al., 1999) . Borehole velocity measurements show that the unconsolidated deposits have shear-wave velocities in the 217 to 529 m/sec range, but most of the measurements show a velocity of about 250 m/sec for these strata (e.g., Mabey and Madin, 1992; Wong et al., 1993; Mabey et al., 1993) . In contrast, the Troutdale Formation has shear-wave velocities in the 477 to 817 m/sec range. The maximum amplitude of the resonance peak from such a reflector can be estimated from (Shearer and Orcutt, 1987) :
A /A ‫ס‬ q V /q V , where A ‫ס‬ amplitude, q 1 2 2 2 1 1 ‫ס‬ density, and V ‫ס‬ velocity.
A density change from 1.8 to 2.0 g/cm 3 (Wong et al., 1990 ) and a velocity change from 250 m/sec to 650 m/sec across the unconformity indicates that resonance will amplify the ground motions by a factor of about 2.9. There is a large degree of uncertainty in both the density and velocity estimates, but this reflector clearly will be one of the largest influences on ground shaking in the Portland area.
The frequencies at which constructive interference occurs can be estimated by
where f ‫ס‬ frequency and T ‫ס‬ one-way travel time through the layer (Shearer and Orcutt, 1987) . For a shear-wave velocity of 250 m/sec, the resonant frequency of a vertically traveling wave is 6.25 Hz in a 10-m-thick layer, 2.08 Hz in a 30-m-thick layer, and 1.25 Hz in a 50-m-thick layer. These simple calculations tell us that the area over the Portland basin will likely experience strong amplification of seismic waves somewhere in the 1-to 10-Hz range because of the strong reflector at the base of the unconsolidated deposits. Wong et al. (1993) , modeling the ground response at four sites, indeed predict that peak amplitudes will occur between 1 and 5 Hz at sites where the Troutdale is at a depth of 9 to 28 m, and at 1 Hz and less at sites where the Troutdale is 54 and 61 m deep. Given these results, the paleochannel could have a large effect on the resonant frequencies where it underlies the modern Columbia River. Additional resonances at lower frequencies will arise from deeper reflectors within the basin sediments and at the top of the Columbia River basalts. Mapping the depth to these key reflectors in the Portland Basin could be used to predict the frequencies at which high-amplitude shaking is likely to occur (e.g., Williams et al., 2000) .
A more difficult effect to assess is the influence of the unconsolidated deposits and other basin sediments on the propagation of surface waves through the area. In other sedimentary basins, some of the strongest shaking arises from the surface waves trapped in low-impedance deposits at the tops of sedimentary basins (e.g., Frankel and Vidale, 1992; Frankel and Stephenson, 2000) . The strong reflector and large velocity difference at the base of the unconsolidated sediments may prove to be an effective guide for trapping of surface waves. The presence of the strong reflector thus suggests that the late Pleistocene and Holocene flood deposits will be a major factor in determining ground shaking during future earthquakes in the Portland-Vancouver area.
Conclusions
Our high-resolution seismic reflection profiles in the Portland-Vancouver area of Oregon and Washington show a widespread erosional unconformity that is a useful marker horizon for examining late Pleistocene and Holocene tectonics. The late Pleistocene Columbia River valley is apparent as a paleochannel up to 85 m deep eroded into the unconformity near and beneath the modern Columbia River. Our profiles are consistent with late Pleistocene or Holocene faulting on the East Bank and Portland Hills fault zones along the southwest edge of the Portland basin. On the northeast side of the basin we do not see clear evidence of motion on the Frontal fault, and this suggests the former faults may pose the greater seismic hazard to the urban area. The strong reflection from the unconformity at the base of the unconsolidated strata indicates the shallow deposits will be a key factor in determining the amount and frequency of ground shaking over the Portland basin in future earthquakes.
